Graphical Abstract Highlights d Skin fibroblasts are positionally stable in non-remodeling tissue after cell loss d Fibroblasts extend their membrane into depleted areas in a Rac1-dependent manner d Membrane extension is incorporated with known repair behaviors in larger damage d Aging fibroblasts are lost in stable clusters, compensated by a neighboring membrane
INTRODUCTION
Fibroblasts are key cell types that are essential for organ homeostasis through their contributions to both extracellular matrix structure and signaling interactions with neighboring cells (Rendl et al., 2008; Greco et al., 2009; Shyer et al., 2015) . Current knowledge of the fibroblast is built on understanding their behaviors by in vitro and ex vivo approaches, their cell states by molecular marker analyses, and their unique cell biological features by electron microscopy (Abercrombie and Heaysman, 1954; Nishida et al., 1988; Novotny and Gnoth, 1991; Langevin et al., 2004; Liang et al., 2007; Petrie et al., 2012; Driskell et al., 2013) .
The easily accessible and anatomically well-defined dermal layer of the mammalian skin has provided an excellent model to interrogate the biology of fibroblasts. The mouse skin dermis contains at least two different and atomically distinguishable layers: the upper dermis nearest the epidermis, and the lower dermis below (Driskell et al., 2013) . During development, fibroblasts populate the dermis by proliferation, which largely ceases by postnatal day 10 (Rognoni et al., 2016) . However, DNA radiolabeling suggests that proliferation continues to occur at a low rate throughout the lifespan of the animal (Ruchti et al., 1983) . The presence of different and sometimes dynamic appendages specific to the skin complicates our understanding of generalizable fibroblast behaviors in vivo (Rahmani et al., 2014; Gharzi et al., 2003) . Nevertheless, fibroblasts maintain a high potential for proliferation in culture settings and cutaneous wounding (Harper and Grove, 1979; Driskell et al., 2013) .
Our knowledge of the dynamics of fibroblasts mostly comes from in vitro and ex vivo experiments, where cells can be easily tracked for any period of time. Fibroblast migration has been characterized to involve several types of membrane behaviors, including lamellipodia and filopodia, and affected by the nature of the extracellular environment in both culture and dermal explants (Abercrombie et al., 1970; Rhee et al., 2007; Charras and Paluch, 2008; Buccione et al., 2009; Friedl and Wolf, 2010; Ridley, 2011; Petrie et al., 2012; Wong et al., 2014) . However, our understanding of the critical homeostatic behaviors in the mammalian skin has been limited by the inability to visualize and track the same individual fibroblast cells over time in vivo.
Here, we made use of our established intravital imaging approach to interrogate the principles of adult fibroblast homeostasis in an intact mouse. We show that in unperturbed conditions, fibroblasts are stable in position over the course of weeks to months in non-remodeling skin. Unexpectedly, even following local fibroblast loss, the nuclei of neighboring fibroblasts remain fixed in position. Instead, we find that fibroblasts display dynamic membranes that, following neighbor cell loss, extend into the depleted region, without migration of the main cell body, in a Rac1-dependent manner. Following larger damage, we see that fibroblasts use membrane extension in conjunction with known regenerative behaviors to repair the loss of dermal architecture, or tissue-wide cell depletion. Finally, we demonstrate that the fibroblast loss in density that occurs with aging is not a uniform loss of cells, but an accumulation of localized cell losses, where stably positioned neighboring fibroblasts again compensate via membrane extensions. Collectively, our work demonstrates the remarkable positional stability of fibroblasts in the skin when both unperturbed and following local cell loss while elucidating membrane dynamics as the mechanism to compensate for that loss throughout the lifespan of mice. 
RESULTS

Fibroblasts Are Stable in Unperturbed Non-hairy Skin
In order to understand the principles of fibroblast homeostasis in unperturbed skin, we visualized and tracked individual fibroblasts over time by using the intravital imaging approach previously developed in our lab (Pineda et al., 2015; Rompolas et al., 2012 Rompolas et al., , 2013 . We distinguished skin fibroblasts using an established marker, PDGFRa-H2BGFP (histone H2B fused with GFP and knocked into the PDGFRa locus under that promoter) (Hamilton et al., 2003; Driskell et al., 2013) . As most regions of the skin organ are a complex organization of many sub-structures, we first sought to use a simplified system by focusing on the skin on the base of the paw, which is devoid of hair follicles or other appendages and mature adipocytes (Figure S1A) (Lim et al., 2013) . We captured dermal fibroblasts by spanning the entire space from just below the epidermis through the upper and lower dermal regions, down to the skeletal muscle (Video S1; Figure S1B) .
Surprisingly, revisits of the same fibroblast nuclei over days to weeks showed that these cells are remarkably stable in their position in 4-to 8-week adult mice (Figures 1A and 1B) . To quantify the results, we compared the pixel data between images across a 2-week time period and measured the degree to which the pixels exactly matched ( Figure 1A , right column). Image correlation coefficients comparing time points show a strong positive correlation (0.55-0.75) when compared to the coefficients generated by comparing randomly different locations (À0.05 to +0.05) (Figures 1B and S1C) . While at greater depths in the lower dermis we noticed some movement of nuclei, the movement was comparable to that obtained at the same depth when remounting and reimaging the paw within a few minutes of the first image (Figure 1B) . Altogether, these data show that fibroblast position is remarkably stable in unperturbed non-hairy skin.
Stability Is Maintained Despite a Loss of Neighboring Fibroblasts
In order to test the ability of fibroblasts to maintain this stable position, we individually eliminated cells by laser ablation (see STAR Methods) and observed the response of the remaining neighbors (Figures 1C and 1D) . Surprisingly, fibroblasts at different depths appeared not to respond to the loss of twenty to thirty neighboring cells and remained in the same positions for at least 2 weeks, demonstrating a similar stability to what we observed in unperturbed conditions (Figures 1E, 1F, and 1H) . While this approach provided the advantage of selecting the cells we wished to ablate, it may have also led to the unwanted damage of surrounding extracellular structures and/or neighboring unlabeled cells. To this end, we turned to a complementary genetic approach that could more widely control the loss of cells via inducible Cre-dependent diphtheria toxin (DTA) expression (PDGFRa-CreER; Rosa26-loxP-eGFP-(stop)-DTA) (Ivanova et al., 2005) . By eliminating cells with DTA, we again observed that the remaining cells did not appear to respond to the reduction in fibroblast number (Figures 1G and 1H) . These results highlight an unexpected tolerance of fibroblasts to a loss of neighboring cells and a lack of response to re-establish cell number.
Fibroblast Membranes Actively Maintain High Occupancy of Dermal Space
Previous work has shown that skin fibroblasts contact each other, thus forming a large network throughout the dermis (Langevin et al., 2004) . Therefore, to better understand the lack of response when observing fibroblast nuclei, we next sought to investigate the membranes of individually labeled fibroblasts. To this end, we utilized an inducible Cre-dependent fluorescent reporter (PDGFRa-CreER; Rosa26-loxP-membraneTomato-(stop)-membraneGFP (mTmG)) (Muzumdar et al., 2007) and modulated the dose of tamoxifen to distinguish individual fibroblasts. We observed that fibroblasts were polarized to have larger area in the XY dimension than the XZ dimension (Figure 2A) . Tracking the membranes of individual cells over a period of 2 weeks, we observed that cell shape and position were largely stable, similar to our findings with fibroblast nuclei (Figures 2A, 1A, and 1B) . However, we noticed membrane changes on a smaller scale and therefore sought to investigate the dynamics of these changes. Time-lapse recordings showed that fibroblast membranes are highly dynamic, with protrusions that rapidly grow and shrink from the more stable cell body Figure 1 . Fibroblasts Are Stable in Unperturbed Tissue and following the Loss of Neighboring Fibroblasts (A) Revisits of skin dermis. Column 3 is overlay of day 0 and +2 weeks. n = 3 mice. Quantification is shown in (B) (+2). Scale bar, 10 mm. (B) ''Identical'' (r = 1.0) is the coefficient of an image compared to itself. +2, coefficient of day 0 versus +2 weeks (as in A). Re., coefficient between two remounts of the same location (pos ctrl). Ra., random images at same depth (neg ctrl) (see STAR Methods). Positive correlation means a high overlap between signals. Zero correlation means a random overlap. Error bars are SD. n = 3 mice for 2-week data. n = 4 regions for remount. n = 3 regions for random. (C) Experimental approach and two possible outcomes. (D) Revisits of single-cell laser ablation (see STAR Methods). Damage is visible by photo-bleached square. Three individually ablated nuclei are shown (pink dots) and are absent by 1 day later. Scale bar, 5 mm. (E) Revisits within the upper dermal layer before and after laser ablation (pink dots). +1 day, the ablated cells are absent. +2 weeks, the remaining nuclei remain largely stable in position, the depleted region is not filled in, and the fibroblast cell number remains reduced. Quantification is shown in (H) (laser, upper) . n = 3 mice. Scale bar, 20 mm. (F) Revisits within the lower dermal layer before and after laser ablation. +2 weeks, remaining nuclei remain largely stable in position, similar to equivalent depth in (A) and (B). Quantification is shown in (H) (laser, lower). n = 3 mice. Scale bar, 20 mm. (G) Revisits using genetically inducible ablation. Following low-dose tamoxifen, random cells (pink nuclei) express DTA and die. Before tam, upper dermis before tamoxifen. +2 weeks and +3 weeks, the same area at respective time point. Some recombination occurs without tamoxifen at a basal rate (see STAR Methods), and some cells continue to be lost between +2 weeks and +3 weeks (red only cells in merge). Quantification is shown in (H) (DTA, upper) . n = 3 mice. Scale bar, 20 mm. (H) Image correlation coefficients of data in (E)-(G) between +1 day and +2 weeks (laser), or +2 weeks and +3 weeks (DTA), in the upper and lower dermis. Image correlation coefficients are similar to image correlation coefficients in unperturbed tissue (B). Error bars are SD. n = 3 mice for each bar. ( Figures 2B and 2C ; Videos S2 and S3). While some areas of the cell peripheries were more active, all regions showed some level of movement (Videos S2 and S3). Altogether, while stable in overall position, skin fibroblasts have highly dynamic cell membranes when observed in their native environment in an intact mouse. To next understand how the fibroblast network occupies the dermal space, we combined nuclear labeling with high doses of tamoxifen to induce maximal membrane labeling (PDGFRa-H2BGFP; PDGFRa-CreER; mTmG). By these means, we found that 98.2% ±1.0% of the cells were recombined for membrane labeling ( Figure S2B ). With this labeling, we found that upper dermal fibroblasts occupy 77% ±1.5% SEM of this dermal region (Figures 2D and 2G) . Given the dynamic nature of fibroblast membranes, we wondered whether this membrane occupancy of the dermal space is actively maintained. To this end, we sought to conditionally delete the actin cytoskeletal remodeling GTPase, Rac1, within the fibroblasts (PDGFRa-H2BGFP; PDGFRa-CreER; mTmG; Rac1 À/À or Rac1 +/À ) (Glogauer et al., 2003) . Using a high tamoxifen dosage to both maximally label the membrane and delete Rac1 ( Figure S2C ), we observed that, after 3-4 months, Rac1 À/À mice had significantly reduced membrane occupancy as compared to Rac1 +/À , or background strain control mice, without a change in fibroblast nuclear density . Altogether, these data show that fibroblast membranes actively maintain occupancy of a large portion of the dermal space via a Rac1-dependent mechanism.
Dynamic Membrane Activity Provides Compensation Mechanism for Loss of Fibroblast Neighbors
To test the activity of fibroblast membranes during neighboring cell loss, we used the combined nuclear and maximal membrane labeling (PDGFRa-H2BGFP; PDGFRa-CreER; mTmG) and eliminated cells by laser ablation ( Figure 3A ). Upon revisits over 2 weeks, we observed that the neighboring nuclei remained stably positioned, consistent with our previous observations (Figures 3B, 1E, and 1H) . Strikingly, we saw that the ablated region contained membranes that occupied the space to a similar extent as before cell elimination (Figures 3B and 3C) . Cells have been shown to exist and migrate for some time after the loss of the nucleus (Graham et al., 2018) . In order to test whether active membrane from dying cells may persist over time in the skin dermis, we performed cell ablation on individually labeled cells and observed that membrane was lost within a single day ( Figure S3A ). This indicated that these membranes must have come from surviving neighboring cells. We wondered whether the new membranes occupied the same positions as the original membranes, but overlaying images from before ablation and 2 weeks after showed that the new membranes were in different positions ( Figure S3B ).
This suggested that neighboring fibroblasts could harness membrane dynamics to extend and occupy the space of the eliminated cells without recovering cell number. To capture how this phenomenon occurs, we maintained nuclear labeling for all cells but used sparser membrane labeling. Eliminating non-membrane-labeled fibroblasts allowed us to capture new membrane-labeled extensions into the depleted region. First, we used short revisits following the elimination of fibroblasts and observed that labeled neighboring cells project long membrane extensions into the area of cell loss ( Figure 3D ). Second, taking inspiration from in vitro scratch assays, we identified and ablated non-membrane-labeled cells that were flanked on two sides by the membrane-labeled cells. Through this design, we could clearly capture neighboring fibroblasts project new extensions into the region of cell loss ( Figure 3E ). Finally, to test whether this compensation was mediated by Rac1, we performed laser ablation 2 weeks after inducing Rac1 deletion by tamoxifen (PDGFRa-H2BGFP; PDGFRa-CreER; mTmG; Rac1 À/À or Rac1 +/À ). We observed that Rac1 À/À fibroblasts failed to form membrane extensions, while the Rac1 +/À mice responded similar to background strains ( Figures 3F and 3G) . These data show that fibroblasts compensate for neighboring fibroblast loss by extending membrane into the depleted regions in a Rac1-dependent mechanism, while maintaining positional stability.
Membrane Extensions Are Incorporated with Known Repair Behaviors following Larger Damage
Our finding that fibroblasts use membrane extensions, rather than proliferation and migration, to reoccupy space following neighboring cell loss prompted us to test the combination of these behaviors in the contexts of larger damage ( Figure 4A ). We made use of two distinct assays. First, we increased the intensity of the ablation to damage collagen (visible by second harmonic signal) in addition to eliminating fibroblasts ( Figure 4B ). As we captured changes in fibroblast position, likely due to proliferation and/or migration events, we additionally noticed the concurrent extension of membranes during the repair process ( Figures 4B and 4C ).
Second, we specifically targeted fibroblasts by advancing our previous approach of an inducible Cre-dependent diphtheria toxin (PDGFRa-CreER; Rosa26-loxP-eGFP-(stop)-DTA) system to dramatically increase fibroblast loss. This combination resulted in a higher penetrance of cell loss in the upper dermal layer, with minimal cell loss detected in the lower dermal layer (Figures 4D and 4F; see STAR Methods). Following large-scale cell depletion, we observed partial repopulation of the upper (D) Image of fibroblast nuclei (top), nuclei + membrane (middle) and inset (bottom) in upper dermis. PDGFRa-H2BGFP labels all fibroblast nuclei. Membrane labeling is induced by CreER recombination of mTmG in 98.2% ±1.0% of cells ( Figure S2B ). Images are max projections of 10 mm. n = 3 mice. Quantification is shown in (G). Scale bar, 20 mm. Scale bar, 20 mm (inset). (E) Images of fibroblast nuclei (top), nuclei + membrane (middle) and inset (bottom) in Rac1 +/À (left) and Rac1 À/À (right) fibroblasts 3-4 months after high-dose tamoxifen. n = 3 mice for Rac1 +/À and n = 3 mice for Rac1 À/À . Quantification is shown in (G). Scale bar, 20 mm. Scale bar, 20 mm (insets). (F) Density of nuclei between Rac1 +/À and Rac1 À/À . Data are sampled from regions $500 3 500 mm. Error bars are SD. n = 3 mice for each bar. (G) Membrane coverage between Rac1 +/À and Rac1 À/À , computed by thresholding GFP signal (see STAR Methods). p = 0.0101 between Rac1 +/À and Rac1 À/À . Error bars are SD. n = 3 mice for each bar. 
. Fibroblast Membrane Extensions Provide Compensation Mechanism for Loss of Neighbors
(A) Experimental approach to test cell membrane response to cell loss. (B) Laser ablation and revisits of high-dose tamoxifen membrane labeling. Laser ablated nuclei (pink dots, before ablation). +2 weeks, ablated area remains depleted of nuclei, but filled with membrane. Membrane occupancy before versus +2 weeks is similar (insets 1 and 2). Quantification is shown in (C) . Scale bar, 20 mm. Inset scale bars, 10 mm. (C) Ratio of area of green signal (membrane-GFP + nuclear (H2B) GFP) at +2 weeks to before ablation (93%). Error bars are SE. n = 3 mice. (D) Short revisits following ablation of unlabeled membrane cells near to membrane-GFP-labeled cells. Arrowheads indicate membrane extensions into the cell-depleted space.
(legend continued on next page) dermal region by 2 weeks (Figures 4D and 4F ). Tracking the tissue out to 6 weeks, we saw little to no further repopulation, leaving the region closest to the epidermis still depleted of cells ( Figures 4D and 4F ). We examined this remaining space in the presence and absence of nuclear signal and observed that, while this sub-epithelial region was devoid of fibroblast nuclei, it contained membrane extensions rising vertically from the large majority of the fibroblasts underneath ( Figures 4E,  4G , S4B, and S4C). These vertical membrane extensions were also observed following laser ablation ( Figure S4D ). The ability of fibroblasts to extend membrane vertically, despite their strong polarity on the XY plane ( Figure 2A ), further expanded our understanding of their membrane dynamics. These data show that fibroblast membrane extension works in conjunction with known repair behaviors and provides a mechanism that, whether alone or in cooperation, enables the fibroblast tissue to mediate space reoccupation in vivo.
Positional Stability and Membrane Occupancy Behaviors Are Maintained in Non-remodeling Hairy Skin
In order to test the generality of the principles of positional stability and membrane extension following cell loss, we turned to testing these behaviors in a more complex skin tissue. The ear tip is a hairy region that has a stable dermal architecture due to the rarity of actively growing and shrinking hair follicles ( Revisits of the same fibroblast nuclei over 2 weeks showed that these cells maintain stable positions, as was observed in the non-hairy paw skin ( Figure 5B ). To quantify the results, we used the same image correlation technique as in Figures 1B and 1H ( Figure 5G ). Comparing Figure 1B remounted tissue with Figure 5G remounts (positive controls), we saw that the correlation was lower for the ear than the paw, suggesting that that the ear tissue is more sensitive to stretches and bumpiness in the technical mounting process. Comparing the relative correlation coefficients of 2-week revisits to remounts, we found that the movement of nuclei over the 2-week period is the same between non-hairy paw and hairy ear skin ( Figure 5G versus Figure 1B ). To test whether this stability would be preserved in the face of neighboring fibroblast loss, we performed laser ablations of fibroblasts in the hairy ear skin and observed that positional stability was maintained over 2 weeks ( Figures 5C and 5G) , similar to what we found in the non-hairy paw. In addition, mosaic membrane labeling in combination with laser ablation captured the ability of these fibroblasts to also utilize membrane extensions in order to reoccupy the space ( Figure 5D ). Therefore, the principles of fibroblast positional stability and membrane extension are conserved across distinct skin tissue types.
Positional Stability Is Lost during Physiological Dermal Remodeling
Our finding that fibroblasts operate under the principles of stability and membrane occupancy in hairy skin prompted us to interrogate fibroblast behaviors in an actively remodeling dermis ( Figure 5A, right) . During the initiation of the hair growth phase, the follicles extend into the dermis increasing their length several fold (Mü ller-Rö ver et al., 2001) . We captured the nuclei of fibroblasts from the beginning of this initiation of the growth phase and over the subsequent 2-week period (Figures 5E and 5G) . We observed that in 1 week, a few nuclei remained in the same position, but the majority had moved from their initial position by 2 weeks. Remounts of this region showed much lower image correlation coefficients than remounts in non-remodeling hairy skin, or non-hairy paw skin, suggesting an even greater sensitivity to small differences in tissue mounting ( Figure 5G ). However, the relative movement of nuclei over the 2-week period compared to remounts was much greater than in nonremodeling hairy skin or non-hairy paw skin, indicating that real movement of fibroblasts does occur during tissue remodeling. The degree to which this movement is due to physical deformation of the dermis due to the growing hair follicles ( Figure 5A , right, day 0 versus +2 weeks) as opposed to differences in signaling pathways that change the behavior of fibroblasts is not clear.
Finally, we used laser ablation in the remodeling hairy skin. We observed that the ablated region was repopulated by newly appearing fibroblast nuclei as well as reorganization of the membrane network ( Figures 5F and S5D ). Altogether, we found that positional stability is not maintained in skin that is actively undergoing physical changes.
Fibroblast Loss during Aging Occurs in Progressively Accumulating Stable Clusters Compensated by Membrane
The observed positional stability of fibroblasts in non-remodeling skin caused us to interrogate the implications of this behavior during the aging process, as fibroblast density is known to be reduced in older individuals (Andrew et al., 1964 (Andrew et al., -1965 . To this end, we visualized fibroblast nuclei in the non-hairy paw and non-remodeling hairy skin and compared young mice to two cohorts of older mice: 8-10 months old and 16 months or older ( Figures 6A-6C ). Strikingly, rather than a uniform reduction of cell density in the older mice, we observed highly localized clusters of cell loss. Each cluster was similar in organization to that created with the laser ablations that we employed to perturb fibroblast homeostasis (Figures 1, 3 , and 5). This was in contrast (E) Laser ablation of membrane-unlabeled cells (pink dots) and revisits of labeled neighbors. Membranes from neighboring cells extend into the ablated region up until +5 days. Membranes remain present at +3 weeks. n = 3 mice. Scale bar, 20 mm. (F) Revisits of Rac1 +/À (top) and Rac1 À/À (bottom) following laser ablation at 2 weeks after high-dose tamoxifen (maximal recombination of both Rac1 and mTmG). Rac1 +/À reoccupies the ablated region similar to wild-type (E), while Rac1 À/À fails to do so. Insets (far right column) show details of the region highlighted at +3 weeks. n = 3 mice for Rac1 +/À and n = 3 mice for Rac1 À/À . Quantification is shown in (G). Scale bar, 20 mm. Scale bar, 20 mm (insets). (G) Membrane occupancy before and after ablation of a 120 3 120-mm region centered on the ablations in Rac1 +/À or Rac1 À/À fibroblast mice. n = 3 mice for each column. p = 0.0049. Error bars are SD. Middle and bottom rows are both green channel, but brightness is adjusted to show stronger nuclear GFP, or fainter membrane-GFP. Quantification is shown in (C) . n = 15 ablations in 4 mice. Scale bar, 10 mm. Arrowheads, proliferation or migration. Arrows, membrane extension. (C) Proliferation and/or migration (8 of 15), and membrane extensions (15 of 15) following collagen-damaging ablations (Abl.) or non-collagen-damaging controls (No Abl.). n = 15 ablations and 4 non-collagen-damaging controls across 4 mice. (D) Revisits following widespread genetic ablation of fibroblasts (DTA). Near complete loss of the upper fibroblasts occurs by +1 week following high dose of tamoxifen. By +2 weeks, the upper dermal layer partially recovers in cell number, but sub-epithelial cell number does not recover even at +6 weeks. Quantification is shown in (F). n = 3 mice. Scale bar, 20 mm. Epi, epidermis. (E) XZ projections in high DTA with revisits highlighting fibroblast membrane. Before ablation (left), cell bodies are visible in the sub-epithelial region. After high-dose tamoxifen (center and right), sub-epithelial region is still empty of cell bodies. At +3 weeks, vertical membrane projections extend from deeper cells and contact epidermis. Quantification is shown in (G). n = 28 cells in 3 mice. Scale bar, 10 mm. Epi, epidermis. (F) Before ablation, fibroblast density varies by depth between $13 and 30 cells per (100 mm) 2 . +2 weeks, fibroblast cell density at 30 mm is largely recovered (yellow). Cell density at 10 mm (orange) and 20 mm (light gray) remains unrecovered at +6 weeks. n = 3 mice. (G) At +3 weeks, membrane-GFP-labeled cells at approximately 30-mm depth were scored for presence of membrane extensions reaching to epidermis (85%). Error bars are SD. n = 28 cells across 3 mice. to the organization of nuclei in the young (2 months old) mice, which was uniform across the tissue (Figures 6A and S6A) . In order to more rigorously quantify the number of gaps, given their heterogeneous size and shape, we used MATLAB scripts to generate Voronoi diagrams based on the nuclei positions determined using Imaris software (see STAR Methods). In addition to quantification, these provided a helpful visualization of the localized nature of the gaps (Figure 6A, right) . Quantifications from the three separate age cohorts showed that gap numbers increased with increasing age ( Figure 6B ). These localized clusters of fibroblast loss with age were also observed in non-remodeling hairy skin ( Figures S6A-S6C ). Finally, to explore this further, we counted fibroblast density down to a depth of 40 mm and found that, in this wider range of dermal depth, cell loss occurs earlier than in the upper fibroblasts alone ( Figure 6C) .
A
C G Stability of Nuclei Position
To test whether the increased number of gaps in older individuals resulted from constant cell loss and replacement, or from progressive loss without replacement, we performed 5-month revisits in mice that already contained gaps (Figures 6D and S6E) . With this approach, we captured both the appearance of new gaps ( Figure 6D , top-right inset) as well as the maintenance of existing gaps ( Figure 6D , bottom-right inset). In both cases, the nuclei surrounding the gaps were stable over the 5-month period, moving approximately as little as the 2-week time period ( Figures 1A versus 6D ). This uncovered that the fibroblast loss in density that occurs with aging is not a uniform loss of cells, but an accumulation of localized cell losses that are not recovered due to the positional stability of fibroblasts.
Finally, to interrogate the membrane distribution within these gaps, we returned to our strain of combined nuclear and maximal membrane labeling (PDGFRa-H2BGFP; PDGFRa- C-reER; mTmG) . We again observed gaps in the nuclei of mice above 8 months old and found that the gaps contained fibroblast membrane of a similar density to non-gap regions ( Figures  6E, 6F , and S6D). We also quantified the membrane occupancy across older mice and found a similar level of occupancy compared to young mice ( Figures 6G versus 2G) , further supporting that membrane occupancy is maintained even into older tissue. In summary, we identified that, during aging, fibroblast cell loss occurs as an accumulation of localized clusters of loss, rather than a uniform reduction in density. Additionally, as in our laser ablation models, the neighboring fibroblasts to these gaps fail to recover cell number and remain stably positioned but do maintain membrane occupancy of the volume via membrane extensions ( Figure 6H ).
DISCUSSION
Organ function relies on the critical cellular behaviors of the different tissue types. Yet, what the principles are that maintain homeostasis in vivo have been elusive. One cell type present in most of our organs is the fibroblast. Despite the abundance and central role of fibroblasts across our bodies, it has been difficult to elucidate how they reside and sustain their tissue, in part, due to the inability to follow the same cells over time in a live uninjured mammal. Here, we overcame this problem by using intravital imaging and directly tracked and manipulated skin fibroblasts in live mice. This study elucidated positional stability and space occupancy as core principles that govern fibroblast homeostasis in vivo. Furthermore, we identified dynamic membrane extension, in the absence of cell migration, as a mechanism that preserves this positional stability while simultaneously enabling space occupancy as a lifelong principle of skin homeostasis.
One established role of the fibroblast is the production and maintenance of the extracellular matrix (ECM) (Kalson et al., 2013) . The stability we observe suggests that this maintenance could be achieved by subdividing the dermis into small zones of persistent ownership for each resident cell. In addition to positional stability, the fibroblasts maintain a high occupancy of the dermis using their membranes, which produces a stable network of cell-cell contacts that has been previously observed via histology (Langevin et al., 2004) . We now see that fibroblasts seek to maintain this network in the face of cell loss. This network of fibroblasts could enable them to act as a stable substrate to other cells, as networks of fibroblastic cells provide for lymphocytes in the spleen (Bajé noff et al., 2008) . These connections could also facilitate paracrine communication between both (B) Revisits in homeostatic non-remodeling hairy skin. A wide field of view is shown with green (PDGFRa-H2BGFP) and red (membrane-tdTomato) (column 1). Day 0, +2 weeks and merge is region highlighted by orange box in column 1. n = 3 mice. Quantification is shown in (G) (Non-rem. hairy, +2). Scale bar, 50 mm (column 1). Scale bar, 20 mm (columns 2-4). (C) Laser ablation (pink dots) and revisits. +1 day, ablated cells are absent. +2 weeks, remaining nuclei are largely stable, and the cell number remains reduced. Quantification is shown in (G) (Non-rem. hairy, Abl.). n = 3 mice. Scale bar, 20 mm. (D) Revisits following ablation with membrane-GFP fibroblast labeling. Membranes from neighboring labeled cells extend into the ablated region. n = 3 mice. Scale bar, 20 mm. (E) Revisits in remodeling hairy skin. Fibroblast nuclei presented in grayscale (Day 0) or merged (middle and right). n = 3 mice. Quantification is shown in (G) (Rem. hairy, +2). Scale bar, 20 mm. (F) Merge of +1 day and +2 weeks following ablation in remodeling hairy skin. Little overlap of fibroblast nuclei is observed. n = 3 mice. Quantification is shown in (G) (Rem. hairy, Abl.). Scale bar, 20 mm. (G) Image correlation coefficients of data represented in (B) (Non-rem. hairy, +2), (C) (Non-rem. hairy, Abl.), (E) (Rem. hairy, +2), and (F) (Rem. hairy Abl.). Compare to Figures 1B and 1H . Non-/rem, non-/remodeling. Re, remount. +2, 2 weeks unperturbed. Abl, ablation. Non-rem. hairy positive control correlation coefficient (0.671) is lower than remounts in non-hairy skin ( Figure 1B, 10 mm, Re.) (0.905), indicating that a lower maximum correlation is expected for this tissue. Rem. hairy remount positive control correlation coefficient is even lower (0.360), nearing the limitations of this analysis approach. Error bars are SD. n = 3 mice for 2-week time course data. n = 3 regions for remounts. (B) Number of cell areas in Voronoi diagrams exceeding 900 mm 2 , sampled from 1,000 3 1,000 3 10-mm regions in the upper dermis ($2,500 cells). One sample per mouse. n = 5 mice (2 months old). n = 4 mice (8-12 months old). n = 5 mice (R16 months old). p = 0.0499 (2 months versus 8-10 months). p = 0.0114 (2 months versus R 16 months). Error bars are SD. (C) Cell density across randomly sampled 200 3 200 3 40-mm regions of skin dermis from mice in each age cohort. p = 0.0018 (2 months versus 8-10 months). p = 0.0016 (2 months versus R16 months). Error bars are SD. n = 3 mice per age group. (D) Revisits of skin across 5 months, beginning in skin already containing gaps. Red-only signal (Merge) is from nuclei that disappeared during the 5-month period. Cells disappeared in localized clusters of cell loss, rather than uniformly throughout the skin. Insets (column 4) highlight examples of localized clusters of cell loss that occurred during (top, 1) and before (bottom, 2) the 5-month period. Quantification is shown in Figure S6E . Scale bar, 100 mm. Scale bar, 50 mm (insets).
(E) Image of naturally occurring localized cluster of cell loss, highlighting membrane-GFP fibroblast labeling in grayscale. Insets highlight a normal nuclei organization region (top, 1) and a nuclei depleted region (bottom, 2). Quantification is shown in (F). Scale bar, 50 mm. Scale bar, 10 mm (insets).
(F) Membrane occupancy in 12-month-old mice between normal nuclei and gap regions, computed by thresholding the GFP signal (see STAR Methods). Compare to Figure 2G . Error bars are SD. n = 3 mice for each bar.
(legend continued on next page) immediate and more distant neighbors, with implications for tissue homeostasis (Sanders et al., 2013; Inaba et al., 2015; Zhou et al., 2018; Adler et al., 2018) . That fibroblasts can extend the reach of their membranes also suggests that modulating cell size is both energetically more favorable than proliferation and migration and sufficient to maintain surveillance of putative ECM zones (Abdel-Haleem et al., 2017; Zanotelli et al., 2018) . The perdurant alteration of tissue architecture resulting from cell loss and membrane extension is particularly insightful in the context of the aging phenotype of the skin. Studies on human skin comparing young versus old individuals noted that older individuals had fewer fibroblasts and with a greater number of longer membrane projections than younger ones (Andrew et al., 1964 (Andrew et al., -1965 Novotny and Gnoth, 1991; Salzer et al., 2018) . Our experiments in older mice add important insights to this process by showing that cellular depletion does not occur uniformly, but as an accumulation of clustered cell lossesperhaps a lifetime of localized subtle traumas written permanently into the dermis. However, whether membrane extensions can maintain the macroscopic properties of skin with the same capacity as the uniform organization of fibroblasts is still to be determined, and the correlation of more gaps with the appearance of wrinkles could suggest that membrane occupancy alone is not sufficient. Interestingly, controlled dermal damage that induces fibroblast proliferation and migration is used clinically to alleviate some age associated skin phenotypes such as wrinkles (Manstein et al., 2004) . Together, this suggests that the tolerance of fibroblasts to reduced cell number contributes to the tendency of the skin to age. Perhaps aging in other nonproliferative cell types may proceed along a similar course.
Establishing the principle of stability of fibroblasts enabled us to recognize that positional stability can be lost in the skin of physiologically remodeling hair follicles, without wounds and inflammation. This provides evidence of new pathways for controlled fibroblast activation without the excessive proliferation and fibrosis of inflammation-activated fibroblasts and may be similar to a previously described pathway triggering neonatal fibroblast behaviors in adults (Collins et al., 2011) . Activation of this alternative fibroblast pathway could provide avenues for translational therapies in wound healing and aging that enable the benefits of laser therapy with lower cost and patient inconvenience and more frequent and earlier interventions.
In addition to contacts between fibroblasts, we captured vertical connections from fibroblasts to the epidermis following large-scale cell loss. In unperturbed tissue, not only vertical extensions, but whole surfaces of fibroblasts contact the epidermis. Fibroblast epithelial interactions are critical in a wide range of settings including limb development, adult hair follicle cycling, and growth of epidermal stem cells in culture (Richman and Tickle, 1992; Maas-Szabowski et al., 1999; Werner and Smola, 2001) . The pattern of fibroblasts to act as critical signaling centers to skin epithelium during unperturbed adult homeostasis extends to other cell types in the adult, such as naive T cells and macrophages and medullary thymus epithelium (Link et al., 2007; Zhou et al., 2018; Sun et al., 2015) . However, the role of fibroblasts in supporting epidermal stem cell decisions during adult homeostasis in vivo remains largely unexplored. Homeostatic epidermal behaviors are distinct from fibroblast behaviors due to the constant flux of new cellular material originating from relatively small stem cells that are sandwiched between two layers of larger cells (the above differentiated epidermal cells and the below fibroblasts) (Wickett and Visscher, 2006) . Perhaps this diversity of behaviors and sizes supports a robustness at the level of the organ, reminiscent of composite materials (e.g., plywood or carbon fiber) where layers of materials with different properties are sandwiched together to create strength (Gibson, 2010) . Overall, our observation of tightly maintained physical connections between cells with remarkably different shapes and behaviors supports existing work on their structural interactions (Charbonneau et al., 2010; Loeys et al., 2010) and paves the way for future studies to investigate the role of fibroblasts in maintaining epidermal homeostasis, and vice versa.
In conclusion, this work elucidates the core principles of positional stability and space occupancy that govern fibroblast homeostasis in vivo and identifies membrane extension without cell migration as a behavioral mechanism that facilitates these principles. These principles can be used to guide the development of future in vitro studies aiming to recreate the conditions of the in vivo environment and also future in vivo work that studies the consequences of these principles in aging, or the differences in fibroblast behaviors in disease states such as fibrosis and cancer.
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Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Valentina Greco (valentina.greco@yale.edu) .
EXPERIMENTAL MODELS AND SUBJECT DETAILS Mice
PDGFRaH2BGFP (Hamilton et al., 2003) , PDGFRaCreER (Kang et al., 2010) , Rosa26-loxP-membraneTomato-(stop)-membraneGFP (mTmG) (Muzumdar et al., 2007) , Rosa26-loxP-eGFP-(stop)-DTA (Ivanova et al., 2005) were all obtained from The Jackson Laboratory. Mice were bred to a mixed CD1 albino background. Mice used in this study were of both genders and within an age range of 1-4 months, except where noted for aging experiments. All studies and procedures involving animal subjects were approved by the Institutional Animal Care and Use Committee at Yale School of Medicine and conducted in accordance with the approved animal handling protocol.
METHOD DETAILS
In vivo imaging Imaging procedures were similar to those previously described (Pineda et al., 2015) . Mice were anaesthetized with vaporized isoflurane and then transferred to the imaging stage and maintained on anesthesia throughout the course of the experiment with vaporized isoflurane delivered by a nose cone (1% in oxygen and air). Mice were placed on a warming pad during imaging. The paw or ear was mounted on a custom-made stage and a glass coverslip was placed directly against it. A LaVision TriM Scope II (LaVision Biotec) The Jackson Laboratory JAX: 005550
Software and Algorithms FIJI (ImageJ) https://fiji.sc/ N/A Imaris Bitplane N/A microscope equipped with a Chameleon Vision II (Coherent) 2-photon laser (using 940nm for live imaging, 810nm for both single cell and larger ablations) was used to acquire Z stacks of up to 120mm in 1mm or-2mm steps through a Zeiss 20x/1.0NA, Zeiss 40x/1.1NA, or a Zeiss 63x/1.15NA water immersion objective. Optical sections were scanned with a field of view of 500mm 2 (20x), 228mm 2 (40x), or 145mm 2 (63x). For imaging large areas, multiple tiles (up to 4x4) of optical fields were captured using a motorized stage and stitched together using FIJI scripts (see Data and Software Availability). Revisits: In this style of experiment, the same region of live mouse skin is imaged across intervals of a few hours to several months. Anatomical features and patterns of blood vessels (visualized by membrane-tdTomato), or hair follicles, were used as landmarks for finding the same skin location (see Figure S1B and Video S1 for visualization of blood vessels). Time-lapse movies: In this technique, the live mouse remains anesthetized for the length of the experiment and serial optical sections are captured at intervals of 30 s to 5 minutes.
Single cell laser ablation
Laser ablations were achieved using 810nm wavelengths of the imaging laser and a Zeiss 63x/1.15 water immersion objective with the field of view of the scanning head reduced to a 2mm 2 region within the boundary of a single nucleus and illuminated with 8%-40% laser power, depending on depth, until a mild autofluorescence became visible in the red channel. See Figure 1D .
Collagen damaging laser ablation
Collagen damaging laser ablations were achieved using 810nm wavelengths with a Zeiss 63x/1.15 water immersion objective with the field of view of the scanning head reduced to $10-20mm 2 and illuminated with 20%-40% laser power, depending on depth, until the signal suddenly and dramatically increased.
Tamoxifen induction
To induce low membrane-GFP labeling or DTA ablation, PDGFRa-CreER; mTmG or PDGFRa-CreER; mTmG; DTA mice were given a single dose of Tamoxifen (1 mg/kg body weight in corn oil) around 1 month by intraperitoneal injection. To induce high membrane-GFP labeling or ablation, PDGFRa-CreER; mTmG or PDGFRa-CreER; mTmG; DTA mice were given either a single dose, or up to three doses, of Tamoxifen at 60 mg/kg body weight in corn oil, around 1 month by intraperitoneal injection. This resulted in recombination of both mTmG and DTA alleles. However, the recombinations are independent events and revisits show that some cells are recombined for one allele and not the other. This was sometimes used to our advantage, for example in Figure 4E , where membrane-GFP signal was tracked after DTA ablation. In the case of PDGFRa-CreER; Rac1, three doses of 60mg/kg body weight Tamoxifen were given over 6 days and Rac1 recombination was confirmed by harvesting additional tissue and performing PCR at least one week after finishing Tamoxifen ( Figure S2C ). As maximum recombination of Rac1 was always desired, and experimental groups are determined by the heterozygosity, or homozygosity of the Rac1 loxP allele, the same maximum Tamoxifen dose was always given. Therefore, all Rac1 experiments also have maximum mTmG recombination as well. Without Tamoxifen injection, some induction of membrane-GFP labeling or DTA ablation was visible at a basal level. In the case of PDGFRa-CreER; DTA, a basal level of recombination and DTA mediated cell death occurred at a rate of approximately 5 cells per 100 cells per week. We noticed that PDGFRa-CreER preferentially induced recombination in upper fibroblasts over lower fibroblasts in both mTmG and DTA alleles, and in others that we tried. We performed cryosections of the knock in reporter PDGFRa-H2BGFP, which we believe faithfully recapitulates PDGFRa expression, and observed stronger signal in the upper fibroblasts compared to lower fibroblasts ( Figure S4A ), which could contribute to the difference in PDGFRa-CreER mediated recombination seen between these layers in Figure 4D . It is also possible that the transgene nature (multiple random insertions and different contexts of promoter) of the PDGFRa-CreER line could contribute to the variation in penetrance, as this occurs frequently in other transgenic fluorescent and CreER lines used in the field.
Visualization of collagen via second harmonic signal (SHG)
Visualization of collagen in various figures is possible as a result of using a 2-photon microscope. Certain molecules (such as collagens) emit photons as a result of 2-photon illumination at half the incident light wavelength (typically the blue channel when using 940nm imaging wavelengths) without any exogenous labeling, in a phenomenon called second harmonic generation.
Image analysis
Raw image stacks were imported into FIJI (ImageJ, NIH) for analysis. Individual optical planes, summed or max Z stacks of sequential optical sections were used to assemble figures. Alignment of images across revisits was performed using Imaris (BitPlane). Voronoi diagrams and related analysis were created using MATLAB scripts (see Data and Software Availability).
Correlation coefficient calculations
Image correlation coefficients were calculated between two images in order to compare the similarity between the images. Identical images will produce an image correlation coefficient of (r = 1.0) (see Figure S1C for more examples). As a technical control for movement of tissue that is not associated with any movement at the cellular level (e.g., stretching of skin when setting up, or bumps in the jelly used to hold the skin in place), remounts, abbreviated ''Re.'' are used, wherein an initial image was captured, the mouse was then allowed to wake up, and then the mouse was remounted again within one hour and a second image was taken and compared to the first. This was our positive control. The image correlation coefficient of the remounts was usually higher in paw than in ear skin, perhaps because the ear was easier to stretch, or can settle in different angles on the mount, or hair follicles can land in different positions that obscure the tissue differently. As a negative control, images are compared to images from different locations at the same depth. This is abbreviated Ra., for random. Positive image correlation coefficients are interpreted as high overlap between signals. Negative correlations are interpreted as signal in one image correlating with the absence of signal in the second. Zero correlation is no correlation (50% of the signal overlaps between two images and 50% of the signal does not overlap).
The image correlation calculation of images was performed using a python script module, run through FIJI, that calculated the 2-D correlation coefficient between two images (see Data and Software Availability).
Membrane coverage calculations
Membrane coverage was computed by choosing a threshold and counting the percentage of pixels in the region above the threshold. This includes nuclei, which are assumed to be inside the cell membrane. The threshold was chosen by sampling and averaging three areas within the region ($3mm x 3mm) that are absent of membrane or nuclei and three areas that contain membrane and setting the threshold half way between these values. A python script, run through Fiji (see Data and Software Availability), was then used to count pixels in the image above the threshold.
Voronoi diagrams
Voronoi diagrams partition a plane into polygon using seed points, in this paper nuclei positions, by creating a line half the distance between neighboring points. This produces polygons whose areas are proportional to an imaginary area of occupancy, assuming the plane is 100% occupied.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical calculations and error bars were calculated using built-in functions in Excel (Microsoft) or Prism 6 (GraphPad). Mouse numbers represent the biological replicates. All p values were computed using unpaired two-tailed Student's t test within Prism 6 software. R26-loxP-membraneTomato-STOP-membraneGFP (mTmG). The membrane-tdTomato labeling is less detectable and is expressed by all cells and so we typically present only the fibroblast specific membrane-GFP labeling of the mTmG construct. Furthermore, we find that a grayscale projection of membrane-GFP enables a better appreciation of the fine detail of the membrane.
DATA AND SOFTWARE AVAILABILITY
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PDGFRα-H2BGFP; PDGFRα-CreER; mTmG After ablation Before ablation +1 day Membrane + Nuclei Merge Before +2weeks Before ablation +2weeks
PDGFRα-H2BGFP; PDGFRα-CreER; mTmG Figure S3 . Tracking Fibroblast Membranes after Ablation, Related to Figure 3 (A) Representative time course following laser cell ablation showing that membrane does not remain following cell ablation. A singly membrane-GFP labeled fibroblast present before and immediately after ablation of the single labeled cell. Revisited at +1 day, neither the nucleus nor cell membrane are any longer present, suggesting that labeled debris does not remain 1 day after laser ablation. Scale bar 10mm. (B) The exact same images used in Figure 3B , but increased in brightness in order to show the positions of original membrane and newly reoccupied membrane at +2 weeks following cell ablation. While new membrane occupies the region to a similar degree, it does not occupy the exact same positions in that region, as the merge on the right shows several regions of either green only or red only. Scale bar 20mm. Figure S4 . Vertical Fibroblast Membrane Extensions Extend toward to Epidermis, Related to Figure 4 (A) Representative cryosection of paw dermis with fibroblast nuclei labeled (PDGFRa-H2BGFP) and collagen visible in blue via second harmonic signal (SHG). Fibroblasts are split into two groups (upper fibroblasts and lower fibroblasts) in order to test if a difference in average brightness of nuclei H2BGFP signal is greater in the upper fibroblasts. Scale bar 30mm. Representative of n = 4 mice. (B) Single image of vertical membrane extensions in combination with nuclear labeling at +2 weeks after ablation. Depleted space is visible between epidermis and fibroblast nuclei. In this space, two membrane extensions (arrowheads) are faintly seen. As H2BGFP is much brighter than membrane-GFP, and resolution is lower in the Z dimension compared to XY, it is difficult to observe membrane-GFP extensions in combination with H2BGFP. Scale bar 10mm. 
Representative time course of nuclei and membrane-GFP labeled fibroblasts (PDGFRa-H2BGFP; PDGFRa-CreER; mTmG) in remodeling hairy skin, following laser ablation of nuclei, labeled pink (before ablation). At one day after ablation (+1 day), some new membrane extensions are highlighted by the orange arrowheads. By one week after ablation (+1 week), extensive membrane dynamics are observed (highlighted by orange arrowheads). In this remodeling hairy skin, fibroblast nuclei position is also not stable and nuclei are not in the same positions between +1 day and +1 week and the ablated region appears to be repopulated with nuclei and membrane. Scale bar 50mm.
